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ABSTRACT 
Results are drawn from in-house s t u d i e s  and from seve ra l  contracted system 
s tud ie s  of t he  impact of advanced technologies on the  design of an arrow-wing 
configuration. Information presented includes estimated b e n e f i t s ,  e f f e c t s  of 
combinations of active con t ro l  concepts, and cons t ra in ts .  Emphasis is placed 
on c h a r a c t e r i s t i c s  t h a t  are uniquely r e l a t e d  t o  a l a r g e  airframe fea tu r ing  a 
slender body with a f ixed  wing of low aspect r a t i o ,  high sweep, and small 
thickness r a t i o .  
SUMMARY 
The bene f i t s  of t he  app l i ca t ion  of a c t i v e  con t ro l s  t o  supersonic t ranspor t  
a i rp lanes  are surveyed. Results are drawn from in-house s t u d i e s  and from 
seve ra l  contracted system s t u d i e s  of t he  impact of advanced technologies on the  
design of an arrow-wing configuration. The c h a r a c t e r i s t i c s  t h a t  are uniquely 
r e l a t e d  t o  a l a r g e  f l e x i b l e  airframe fea tu r ing  a s lender  body with a f ixed  wing 
of low aspect r a t i o ,  high sweep, and small thickness r a t i o  are discussed, 
p a r t i c u l a r l y  with regard t o  t h e  need f o r  t he  various a c t i v e  con t ro l s  concepts 
and t o  the  cons t r a in t s  t o  bene f i t s .  The r e s u l t s  i n d i c a t e  tha t  s i g n i f i c a n t  
bene f i t s  can b e  obtained with a configuration t h a t  is inherent ly  longi tudina l ly  
uns tab le  i n  subsonic f l i g h t  and is s t a b i l i z e d  by active cont ro ls .  These bene- 
f i t s  may be increased by use of center-of-gravity con t ro l  and angle-of-attack 
l imi t ing .  Benefits  from maneuver and gust load a l l e v i a t i o n  may be small. I n  
any case, load a l l e v i a t i o n  most l i k e l y  w i l l  r equ i r e  t h a t  f l u t t e r  suppresion be 
used as w e l l .  F l u t t e r  suppression i n  i t s e l f  may provide some saving i n  s t ruc-  
t u r a l  weight. Ride q u a l i t y  con t ro l  by a mode suppression system may be needed 
f o r  passenger acceptance. 
s idered  f o r  l i m i t i n g  t h e  magnitude of the  t r a n s i e n t  motion due t o  an engine 
uns t ar t . 
For s a f e t y ,  a c t i v e  lateral  con t ro l  should be con- 
INTRODUCTION 
- 
In t he  course of t he  United S t a t e s  Supersonic Transport (SST) program i t  
w a s  necessary f o r  t he  designers t o  u t i l i z e  active cont ro ls  t o  s t a b i l i z e  an 
inherently uns tab le  veh ic l e  i n  order t o  achieve an economically competitive 
and s a f e  a i rp lane .  
s t a b i l i t y  . This concept is frequently r e f e r r e d  t o  as relaxed s ta t ic  
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Subsequently, as a p a r t  of research e f f o r t s  t o  advance supersonic tech- 
nology, several s tud ie s ,  both in-house and by cont rac t ,  w e r e  undertaken by the  
NASA t o  explore t h e  p o t e n t i a l  f o r  improvements i n  SST designs by a more exten- 
s i v e  use of ACT. Results from these  NASA s t u d i e s  together with some from t h e  
U . S .  SST program are summarized he re in  i n  terms of estimated bene f i t s ,  e f f e c t s  
of combinations of ACT concepts, and cons t ra in ts .  The candidate ACT concepts 
included relaxed s t a t i c  s t a b i l i t y ,  load  a l l e v i a t i o n ,  and mode and f l u t t e r  
suppression. Emphasis is  placed on c h a r a c t e r i s t i c s  t h a t  are uniquely r e l a t e d  
t o  a l a r g e  airframe, f ea tu r ing  a s lender  body wi th  a f ixed  wing of low aspect 
r a t i o ,  high sweep,  and small thickness r a t i o .  
The information i s  organized i n  t h e  following sequence. Information 
sources are i d e n t i f i e d  and b r i e f l y  described. Fixed-wing SST c h a r a c t e r i s t i c s  
t h a t  are pe r t inen t  t o  ACT are reviewed. Results from t h e  various sources are ' 
co l l ec t ed  under three  main top ics  t h a t  r e f l e c t  t h e  manner i n  which the  a i rp l ane  
is  a f f ec t ed  by groups of t h e  various concepts. Relaxed s t a t i c  s t a b i l i t y ,  
center-of-gravity cont ro l ,  and angle-of-attack l i m i t i n g  are discussed under t h e  
heading of Performance, Airframe Efficiency, and Handling Qual i t ies .  F l u t t e r  
suppression, maneuver load a l l e v i a t i o n ,  and gus t  load a l l e v i a t i o n  are considered 
under the  heading of Wing S t r u c t u r a l  Weight. 
mode suppression are placed under t h e  heading of Ride Quality. 

















gust s e n s i t i v i t y  f a c t o r ,  
aerodynamic center  
cen ter  of g rav i ty  
chord 
average chord 
l o c a l  l i f t  c o e f f i c i e n t  
l i f t  coe f f i c i en t  
l i f t  curve s lope  
maximum l i f t  c o e f f i c i e n t  
z e r o - l i f t  pitching-moment c o e f f i c i e n t  
spanwise l i f t  d i s t r i b u t i o n  c o e f f i c i e n t  























l i f t - to -drag  r a t i o  
Mach number 
mean aerodynamic chord 
incremental vertical acce le ra t ion  
dynamic pressure 
gust ve loc i ty  
running weight of s t r u c t u r e  
d i s t ance  along span 
angle of a t t a c k  
root-mean-square value 
a c t i v e  con t ro l  technology 
Federal Aviation Administration 
Ground-Air-Ground (cycle) 
gust load a l l e v i a t i o n  
hardened s t a b i l i t y  augmentation system 
maneuver load a l l e v i a t i o n  
National Aeronautics and Space Administration 
relaxed static s t a b i l i t y  
s t a b i l i t y  augmentation system 
supersonic commercial a i r  t r anspor t  
supersonic t r anspor t  
take-of f gross weight 
INFORMATION SOURCES 
The survey reported here in  i s  based on information from t h e  sources 
described below. 
t i on  i n  t h e  subsequent s ec t ions  of t h i s  paper. 
The numbers des igna t ing  each source are used f o r  i d e n t i f i c a -  
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1. The U.S. SST Program, FAA 
2. SST Technology Follow-on Program, FAA 
3. Studies of t h e  impact  of advanced technologies applied t o  a conceptual 
supersonic a i r c r a f t  configuration, NASA 
4 .  Langley Research Center in-house s t u d i e s  
The subjec t  matter from Sources 1 and 2 dea l s  with t h t  :b i l iza t ion  by 
a c t i v e  cont ro ls  of an inherent ly  longi tudina l ly  uns tab le  air, -ane. 
t r a t i o n  of t h i s  a i rp l ane  is  shown i n  f i g u r e  1. The a i rp l ane  s t r u c t u r e  and 
con t ro l  system design was  developed i n  depth. 
sidered. Material pe r t inen t  t o  active cont ro ls  is  documented i n  reference 1. 
An i l l u s -  
Aeroe las t ic  e f f e c t s  are con- 
Source 3 cons i s t s  of t h ree  cont rac t  design s tud ie s  r e l a t e d  t o  an arrow- 
wing configuration, i l l u s t r a t e d  i n  f i g u r e  2 ,  which was  derived from the  NASA 
SCAT-15F concept. The consideration of active cont ro ls  cons t i tu ted  only a 
s m a l l  f r a c t i o n  of t h e  t o t a l  e f f o r t .  The active con t ro l  concepts t r ea t ed  by 
the  ind iv idua l  cont rac tors  are l i s t e d  below. 
Contractor ACT Concepts Cruise Mach No. 
a. 
b. 
Relaxed s ta t ic  s t a b i l i t y  
Center-of-gravity (c. 9.) cont ro l  
(c. g. l oca t ion  measurement) 
Angle-of-attack l i m i t i n g  
Relaxed s ta t ic  s t a b i l i t y  
Maneuver load a l l e v i a t i o n  
Gust load a l l e v i a t i o n  
F l u t t e r  suppression 




The r e s u l t s  from Source 3 are not published. 
Source 4 cons i s t s  of two s tud ie s :  
a. A preliminary assessment of a c t i v e  con t ro l s  bene f i t s  t o  an arrow-wing 
The e f f e c t s  of relaxed s ta t ic  s t a b i l i t y ,  maneuver and configuration ( f ig .  2). 
gust load a l l e v i a t i o n ,  f l u t t e r  suppression, and r i d e  qua l i t y  con t ro l  were 
considered. 
b. Follow-on design development of t he  arrow-wing configuration. Studies 
are i n  progress on a l t e r n a t e  methods of balancing t h e  a i rp l ane  t o  improve 
642 
performance. Changes i n  t h e  wing camber and t w i s t  of t he  base l ine  a i rp l ane  t o  
improve t h e  c r u i s e  l i f t - d r a g  r a t i o  and t h e  use of relaxed s t a t i c  s t a b i l i t y  and 
angle-of-attack l i m i t i n g  f o r  subsonic f l i g h t  are being inves t iga ted .  
The r e s u l t s  from Source 4 are not published. 
SST CHARACTERISTICS 
Some of t he  c h a r a c t e r i s t i c s ,  unique t o  the  fixed-wing SST configuration, 
r e s u l t  i n  design problems tha t  a c t i v e  cont ro ls  may resolve.  However, some of 
these  c h a r a c t e r i s t i c s  a l s o  place cons t r a in t s  on t h e  bene f i t s  of active con t ro l  
appl ica t ion .  These c h a r a c t e r i s t i c s  are summarized below, together with remarks 
on t h e i r  e f f e c t s .  Some of t he  geometric c h a r a c t e r i s t i c s  are i l l u s t r a t e d  i n  
f igu res  1 and 2. 
Large Sweepback and Low Aspect Ratio 
Advantapes 1. Higher c r u i s e  l i f t - d r a g  r a t i q  
2. Lower sonic-boom overpressure 
Disadvantages 1. Low maximum l i f t  coe f f i c i en t  (Cbax) 
requi res  low wing loading f o r  reasonable 
landing speeds 
2. Long chord lengths ,  together with s t r u c t u r a l  
I requirements, l i m i t  t h e  r a t i o  of trail ing-edge 
con t ro l  sur face  chord t o  wing chord t o  s m a l l  
values.  The r a t i o s  of cont ro l  sur face  areas 
t o  wing area are s m a l l .  
3 .  Struc ture  contains a l a r g e  amount of minimum 
gage material 
S m a l l  Wing Thickness Ratio 
Advantages 1. Lower drag 
2. Low s t i f f n e s s  plus sweepback provides some 
inherent load a l l e v i a t i o n  by a e r o e l a s t i c  e f f e c t s  
Disadvantages 1. Low s t i f f n e s s  r e s u l t s  i n  reduced cont ro l  
e f fec t iveness  from a e r o e l a s t i c i t y  
2. Low f l u t t e r  speeds 
3 .  Low n a t u r a l  s t r u c t u r a l  mode frequencies 
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Long, High-Fineness Ratio Fuselage 
Advan t ap es 1. Provides adequate payload volume 
2. Lowers sonic-boom pressure  
Disadvantages 1. Low n a t u r a l  bending frequencies 
2. Aeroe las t ic  e f f e c t s  
Aft-Mounted Engines 
Advantages 1. Favorable airframe in t e r f e rence  f o r  propulsion 
e f f i c i ency  
2. Low noise  i n  passenger compartment 
Disadvantages 1. Creates balance problem due t o  aft-located 
heavy weight 
2.  Contributes t o  lower f l u t t e r  speeds 
3 .  Space occupied by engines reduces ava i l ab le  area 
f o r  trail ing-edge con t ro l  surf aces 
Large Dynamic Pressure  
Disadvantages 1. Aggravates adverse a e r o e l a s t i c  e f f e c t s  such as 
loss of con t ro l  e f fec t iveness  
RESULTS 
Performance, Airframe U t i l i z a t i o n  Efficiency, 
and Handling Qua l i t i e s  
Relaxed S ta t i c  S t a b i l i t y  
Essen t i a l ly  a l l  recent  SST s t u d i e s  (Sources 1, 2,  3a, 3c, and 4b) have 
advocated the  use of a hardened s t a b i l i t y  augmentation system (HSAS) t o  provide 
s a f e  handling q u a l i t i e s  f o r  an SST configuration t h a t  i s  inherent ly  s t a t i c a l l y  
unstable at subsonic speeds. Hardened means t h a t  t h e  r e l i a b i l i t y  must equal 
t h a t  of the  airframe s t r u c t u r e .  Source 3b considers a n e u t r a l l y  s t a b l e  air- 
plane with a nonhardened SAS. Benefits  include e i t h e r  increased range f o r  a 
given payload (416 km (225 n. mi.) from Sources 1 and 2) o r  increased payload 
f o r  a given range. Benefits  from Source 3b w e r e  expressed i n  terms of a 
reduced take-off gross weight (TOGW) of a r e s i zed  a i rp l ane  having a f ixed  
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payload and range. 
grams (40,000 l b )  f o r  a b a s e l i n e  TOW of 338,000 kilograms (750,000 lb ) .  
The reduct ion  i n  TOW w a s  es t imated  t o  be  about 18,000 k i lo -  
\\ 
These b e n e f i t s  accrue  from an  improved l i f t - d r a g  (L/D) r a t i o  f o r  both 
c r u i s e  and low-speed f l i g h t ,  a long  wi th  a more e f f i c i e n t  u t i l i z a t i o n  of air- 
frame volume, wh i l e  r e t a i n i n g  safe handl ing  q u a l i t i e s .  The  need f o r  an HSAS 
arises from two SST c h a r a c t e r i s t i c s .  One i s  t h e  s h i f t  i n  aerodynamic c e n t e r  
w i th  Mach number as i l l u s t r a t e d  i n  f i g u r e  3. The o t h e r  i s  t h e  a f t  l o c a t i o n  of 
t he  cen te r  of g r a v i t y  (c.g.) f o r  t h e  ope ra t ing  weight empty cond i t ion  due t o  
engine l o c a t i o n s .  These combine t o  m a k e  extremely d i f f i c u l t  the l o n g i t u d i n a l  
ba lanc ing  of t h e  a i r p l a n e  whi le  avoiding o r  minimizing (1) t h e  need f o r  ba l -  
l a s t i n g ,  (2) unproductive po r t ions  of t h e  fuse l age  t h a t  must be  kept  empty of 
payload f u e l ,  (3) l a r g e  t a i l  areas and loads ,  (4) h igh  t r i m  d rag ,  and 
(5) unacceptable  handl ing  q u a l i t i e s .  Some of t h e  cons ide ra t ions  of t h e  problem 
are descr ibed  i n  r e fe rence  1. 
The U.S. SST des ign  f e a t u r e s  a conf igu ra t ion  ( f i g .  1) t h a t  i s  i n h e r e n t l y  
s t a t i c a l l y  uns t ab le  l o n g i t u d i n a l l y  ( i n  f a c t ,  t h e  c.g. i s  a f t  of t h e  maneuver 
po in t )  a t  subsonic  speeds.  
provide good handl ing q u a l i t i e s  f o r  normal opera t ions .  This  system w a s  backed 
up by an HSAS designed t o  provide poor b u t  s a f e  handl ing  q u a l i t i e s  w i t h  a 
r e l i a b i l i t y  equa l  t o  t h e  a i r f r ame  s t r u c t u r e .  In , e s sence ,  t h e  HSAS is  a p i tch-  
rate feedback c o n t r o l  t h a t  produces an apparent  p o s i t i v e  maneuver margin. There 
remained a nega t ive  s t a t i c  margin r e s u l t i n g  i n  a n  uns t ab le  phugoid mode; t h i s ,  
however, could be  c o n t r o l l e d  s a f e l y  by t h e  p i l o t .  This  design i s  documented 
i n  r e fe rence  1 toge the r  w i t h  some des ign  gu ide l ines  and c r i t e r i a .  
b i l i t y  of t h e  a i r f rame w a s  taken i n t o  account.  A p a r t i c u l a r l y  s i g n i f i c a n t  
problem i d e n t i f i e d  w a s  t h e  d i f f i c u l t y  of providing c o n t r o l  ga ins  t h a t  w e r e  h igh  
enough f o r  rigid-body mode s t a b i l i z a t i o n  wi thout  d e s t a b i l i z i n g  t h e  lower f r e -  
quency e las t ic  modes. 
An active f l i g h t  c o n t r o l  system w a s  designed t o  
The f l e x i -  
Source 3b included a pre l iminary  des ign  of an  a c t i v e  c o n t r o l  system which 
cons is ted  of a s t a b i l i t y  augmentation system (SAS), gus t  l oad  a l l e v i a t i o n ,  and 
gus t  a c c e l e r a t i o n  a l l e v i a t i o n  (rigid-body mode a c c e l e r a t i o n )  f o r  r i d e  q u a l i t y  
improvement. The a i r p l a n e  w a s  considered r i g i d  and t h e  aft-most c. g. l o c a t i o n  
w a s  l i m i t e d  t o  the  n e u t r a l  po in t .  Thus, t h e  SAS would n o t  need t o  b e  hardened 
as t h e  a i r c r a f t  could be  c o n t r o l l e d  without  i t .  I n  t h i s  a p p l i c a t i o n  t h e  
b e n e f i t  stemmed from a reduc t ion  i n  t a i l  volume, hence,  decreases  i n  s t r u c t u r a l  
weight and i n  drag.  The procedure used i n  t h e  pre l iminary  des ign  of t h e  system 
of combined ACT concepts included an  opt imal  method and system p r a c t i c a l i z a t i o n .  
I n  Source 4b, c u r r e n t l y  under way, t h e  pi losophy i s  t o  i n c r e a s e  L/D f o r  
c r u i s e  and l i f t  f o r  landing  by a r r ang ing  an upload on the h o r i z o n t a l  t a i l .  For 
c r u i s e ,  t h e  a i r p l a n e  is  designed t o  be  inhe ren t ly  s t a t i c a l l y  s t a b l e .  L i f t  i s  
increased  and drag  i s  decreased by means of a small upload on t h e  t a i l ,  c rea t ed  
by a s u i t a b l e  wing camber and t w i s t  (Go > 0) .  For landing ,  t h e  l i f t i n g  t a i l  
l oad  is  obta ined  by des igning  t h e  a i r p l a n e  t o  b e  i n h e r e n t l y  s t a t i c a l l y  uns tab le ;  
t he re fo re ,  an HSAS i s  requ i r ed .  Thus an advantage is  taken  of t h e  AC s h i f t  w i t h  
Mach number. This  approach is  i n  genera l  agreement wi th  t h a t  taken i n  Source 3c. 
I n  con t r a s t  t o  r e s u l t s  of some o the r  re laxed s t a t i c  s t a b i l i t y  app l i ca t ions ,  
p a r t i c u l a r l y  t o  subsonic t r anspor t s ,  t h i s  approach w i l l  no t  allow a smaller 
t a i l  s i z e  because the  a i r p l a n e  concept f e a t u r e s  f l a p s  f o r  t ake  of f  and landing 
and t h e  assoc ia ted  p i t ch ing  moments s i z e  t h e  t a i l .  
Safe  app l i ca t ion  of t h e  relaxed s ta t ic  s t a b i l i t y  concept w i l l  r equ i r e  t h e  
use of an angle-of-attack l i m i t i n g  system o r  a l a r g e r  t a i l  su r face  than required 
only f o r  s t a b i l i t y  i n  order  t o  avoid problems such as lock-in s t a l l  o r  an exces- 
s i v e  s i n k  rate. 
Center-of -Gravity Control 
Even wi th  an HSAS, achievement of a h ighly  e f f i c i e n t  SST wi th  good handling 
The b e n e f i t s  of a relaxed s t a t i c  s t a b i l i t y  HSAS might be g r e a t l y  
q u a l i t i e s  i s  d i f f i c u l t  due t o  the  need t o  a l low a s u b s t a n t i a l  to le rance  f o r  
c.g. loca t ion .  
enhanced i f  the  c.g. l o c a t i o n  appropr ia te  t o  t h e  p a r t i c u l a r  f l i g h t  speed could 
be t i g h t l y  cont ro l led  automatical ly .  
t h e  requirements f o r  an onboard c.g. measurement system t h a t  is  a p r e r e q u i s i t e  
t o  c.g. cont ro l .  
Source 3a recommends research on def in ing  
Angle-of-Attack (Alpha) Limit ing System 
A s  previously mentioned with regard t o  the  b e n e f i t s  of re laxed s t a t i c  
s t a b i l i t y ,  an angle-of-attack l i m i t e r  would enhance the  b e n e f i t s  of an HSAS. 
This recommendation is a l s o  made i n  Source 3a which po in t s  ou t  the  hazard of a 
lack  of warning t o  the  p i l o t  t h a t  t he  a i r p l a n e  i s  approaching an excessive 
angle of a t t ack .  
con t ro l  au tho r i ty  of t h e  HSAS, o r  an excessive s i n k  rate. Source 3a suggests  
the  following research:  (1) Es t ab l i sh  c r i t e r i a  f o r  l ong i tud ina l  s t a b i l i t y  and 
con t ro l  a t  the  alpha l i m i t ;  (2) e s t a b l i s h  any l i m i t a t i o n s  t o  the  appl ica t ions  
of an alpha l i m i t e r  on an SST; (3) synthes ize  a system f o r  a s e l e c t e d  a i rp l ane ;  
and (4) v a l i d a t e  t h e  system by f l i g h t  test over t h e  des i r ed  f l i g h t  envelope. 
An outs tanding need is  an alpha sensor  t h a t  i s  accura te  and r e l i a b l e  i n  an 
environment f e a t u r i n g  a wide range of Mach number, dyynamic pressure ,  and 
temperature, and such h o s t i l e  agents as r a i n ,  h a i l ,  and b i r d  s t r i k e s .  
This may r e s u l t  i n  a locked-in s t a l l  due t o  exceeding the  
Wing S t r u c t u r a l  Weight 
The p o t e n t i a l  bene f i t s  of maneuver and gust  load a l l e v i a t i o n ,  and f l u t t e r  
suppression w e r e  explored i n  Sources 3b and 4a. 
the  seve ra l  concepts must be considered i n  terms of t h e i r  aggregate e f f e c t s  and 
cf cons t r a in t s  imposed by s t r u c t u r a l  requirements f o r  o t h e r  than the  con t ro l l ed  
q u a n t i t i e s .  The need f o r  t h i s  i s  discussed with t h e  a i d  of f i g u r e  4 from 
Source 4a. This c h a r t  i n d i c a t e s  t he  s t r u c t u r a l  requirements of the  arrow-wing 
configurat ion i n  terms of t h e  ind iv idua l  spanwise d i s t r i b u t i o n s  of t h e  weight 
of s t r u c t u r e  necessary f o r  each of t h e  items l i s t e d  on t h e  r i g h t .  These curves 
are conceptual,  no t  ca lcu la ted .  However, t h e  r e l a t i v e  pos i t i ons  of t h e  f l u t t e r ,  
maneuver load,  and gust  load curves are bel ieved t o  be representa t ive .  The 
ex ten t  of t h e  wing area f o r  which some of t hese  s t r u c t u r a l  requirements are 
dominant f o r  t h e  base l ine  arrow wing i s  roughly ind ica ted  i n  f i g u r e  5. 
Both sources  recognized t h a t  
F l u t t e r  requirements are l i k e l y  t o  be  cr i t ical  f o r  a s u b s t a n t i a l  po r t ion  
of t he  wing s t r u c t u r e .  
s ion  system is  indica ted .  More important ,  however, i s  t h e  need f o r  f l u t t e r  
suppression i n  order  t o  realize any b e n e f i t s  from load  a l l e v i a t i o n .  I f  f l u t t e r  
is suppressed then t h e  maneuver load becomes c r i t i ca l ,  and, i n  tu rn ,  i f  maneuver 
load a l l e v i a t i o n  is e f f e c t i v e ,  t h e  gus t  load may then be  cr i t ical .  I f  gust  load 
a l l e v i a t i o n  i s  e f f e c t i v e ,  t h e  b e n e f i t s  of a combined f l u t t e r  suppressor ,  and 
maneuver load and gus t  load a l l e v i a t i o n  system w i l l  u l t ima te ly  be l imi t ed  by the  
s t r u c t u r a l  requirements of o t h e r  l oads ,  such as landing,  6-g c ra sh ,  and f u e l  
overpressure,  and by s t a t i c  s t i f f n e s s  and minimum gage requirements.  
Thus, a p o t e n t i a l  b e n e f i t  from use of a f l u t t e r  suppres- 
I f  apprec iab le  reduct ion of t h e  s t r u c t u r a l  material i s  obtained from load 
a l l e v i a t i o n ,  t he  burden on t h e  f l u t t e r  suppression system i s  increased  over  
t h a t  requi red  t o  only remove t h e  f l u t t e r  weight pena l ty  wi th  respec t  t o  t h e  
una l l ev ia t ed  wing. For base l ine  s t r u c t u r e s  t h a t  are f l u t t e r  f r e e ,  e f f e c t i v e  
load a l l e v i a t i o n  may r equ i r e  f l u t t e r  suppression. 
To summarize, some of t h e  normally n o n c r i t i c a l  s t r u c t u r a l  requirements may 
become c r i t i ca l ,  cont ingent  on the  use  of a c t i v e  con t ro l s .  It is  a l s o  probable 
t h a t  s t r u c t u r a l  requirements no t  s u b j e c t  t o  a c t i v e  c o n t r o l s  w i l l  s i g n i f i c a n t l y  
cons t r a i n  the  b e n e f i t s  from a c t i v e  con t ro l s  . 
F l u t t e r  Suppression 
To provide adequate f l u t t e r  speeds by conventional techniques f o r  an arrow- 
wing a i rp l ane ,  i t  is est imated i n  Source 3b t h a t  t h e  weight of material added 
t o  the  strength-designed wing i s  i n  t h e  range of 1800 t o  2700 kilograms (4000 
t o  6000 l b ) .  
t h i s  penal ty  by about 680 kilograms (1500 l b ) .  
s m a l l  e f f o r t .  Presumably, a l a r g e r  e f f o r t  might provide a system of g r e a t e r  
e f f ec t iveness .  
A candidate  f l u t t e r  suppression system w a s  designed t h a t  reduced 
This  s tudy w a s  a r e l a t i v e r y  
Maneuver Load Al l ev ia t ion  
Maneuver load a l l e v i a t i o n  (MLA) w a s  considered i n  Sources 3b and 4a. The 
r e s u l t s ,  based on ca l cu la t ions  f o r  a r i g i d  a i r p l a n e ,  va r i ed  from 5 t o  9 percent  
reduct ion i n  wing roo t  bending moment, depending on t h e  f l i g h t  condi t ion assumed 
t o  be cr i t ical .  The est imated a t tendant  reduct ions i n  s t r u c t u r a l  weight ranged 
from 450 t o  1010 kilograms (1000 t o  2200 lb ) .  These f i g u r e s  are probably op t i -  
m i s t i c  because t h e  c o n s t r a i n t s  from o t h e r  s t r u c t u r a l  requirements,  discussed 
earlier, w e r e  no t  imposed. 
The e f f e c t  of t hese  c o n s t r a i n t s  i s  i l l u s t r a t e d  conceptual ly  i n  f i g u r e  6. 
I f  the requirements f o r  gus t  and o t h e r  loads and f o r  minimum gage, e tc . ,  
exceed t h a t  f o r  t h e  a l l e v i a t e d  maneuver load ,  only a f r a c t i o n  of t h e  reduced 
weight b e n e f i t  can be r e a l i z e d  as ind ica t ed  by t h e  shaded area i n  f i g u r e  6. 
u t i l i z a t i o n  of gust  load a l l e v i a t i o n  would relax, but  n o t  e l imina te  these  con- 
s t r a i n t s .  Another c o n s t r a i n t ,  no t  included i n  t h e  s tudy ,  i s  t h e  e f f e c t  of 
a e r o e l a s t i c  deformations on mA performance. The inf luence  of a e r o e l a s t i c i t y  
on con t ro l  su r f ace  e f f ec t iveness  is touched upon subsequently i n  t h i s  s e c t i o n  
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of the  paper,  bu t  t h e  o v e r a l l  a l l e v i a t i o n  of l oads  on t h e  f l e x i b l e  wing i s  
no t  eva lua ted .  
I n  a s ses s ing  b e n e f i t s  of MLA an adverse  s i d e  e f f e c t  must be  recognized. 
E f f e c t i v e  MLA w i l l  i n c r e a s e  t h e  mean (one g) stress level over  t h a t  of t h e  
u n a l l e v i a t e d  wing. 
I n  v i e w  of t h e  predominant e f f e c t  of t h e  ground-air-ground c y c l e  on f a t i g u e ,  
t h i s  may be  a s i g n i f i c a n t  a d d i t i o n a l  s t r u c t u r a l  requirement.  
t h e  MLA concept can be used t o  i n c r e a s e  f a t i g u e  l i f e  i f  t h e  s t r e n g t h  requi re -  
ments of t h e  u n a l l e v i a t e d  a i r p l a n e  are r e t a i n e d .  
This  w i l l  s u b s t a n t i a l l y  i n c r e a s e  t h e  f a t i g u e  damage rate. 
On t h e  o t h e r  hand, 
For t h e  sake  of g e n e r a l i t y ,  i t  i s  of i n t e r e s t  t o  examine t h e  p r o p e r t i e s  of 
t h e  c o n t r o l  s u r f a c e s  f o r  maneuver load  a l l e v i a t i o n .  As  can be  observed f o r  
t h e  arrow wing i n  f i g u r e  7 ,  t h e  t o t a l  area of t h e  usab le  c o n t r o l  s u r f a c e s  i s  
a s m a l l  percentage of t h e  wing area. An i n c r e a s e  i n  c o n t r o l  s u r f a c e  area by 
inc reas ing  t h e  span of t h e  c o n t r o l  i s  precluded by t h e  space  r equ i r ed  by t h e  
engines.  An i n c r e a s e  i n  c o n t r o l  s u r f a c e  chord is  r e s t r i c t e d  by t h e  wing box 
s t r u c t u r e .  It i s  l i k e l y  t h a t  t h e  outboard s u r f a c e s  1 and 2 ,  shown crossed  o u t  
i n  f i g u r e  7 ,  w i l l  no t  be usab le  due t o  l o s s  of e f f e c t i v e n e s s  from a e r o e l a s t i c  
deformation. 
l o s s  i n  e f f e c t i v e n e s s  i n  supersonic  f l i g h t .  However, t h e  load a l l e v i a t i o n  
inhe ren t  i n  f l e x i b l e  sweptback wings a t  high dynamic p res su re  reduces t h e  need 
f o r  a c t i v e  a l l e v i a t i o n  a t  supersonic  speeds.  The need f o r  MLA is  l i k e l y  t o  be  
h ighes t  a t  t r anson ic  speeds having dynamic p res su res  t h a t  are lower than  those  
f o r  c r u i s e .  For t h e  t r anson ic  cond i t ion ,  t h e  e f f e c t  of a e r o e l a s t i c i t y  on 
s u r f a c e s  3 and 4 ,  shown shaded i n  f i g u r e  7 ,  i s  n o t  as severe. These s u r f a c e s  
were used i n  load  a l l e v i a t i o n  c a l c u l a t i o n s  i n  Source 4a. 
The inboard s u r f a c e  3 between t h e  engines  may a l s o  s u f f e r  a l a r g e  
The in f luence  of t hese  s m a l l  s e p a r a t e  s u r f a c e s  on t h e  t h e o r e t i c a l  spanwise 
aerodynamic load  d i s t r i b u t i o n  is shown i n  f i g u r e  8 from Source 4a f o r  t h e  arrow 
wing. 
l igh tweight  cond i t ion ,  assuming a r i g i d  s t r u c t u r e  and maximum c o n t r o l  s u r f a c e  
d e f l e c t i o n s  of 20". The reduct ion  i n  n e t  (aerodynamic and i n e r t i a )  bending 
moment can be shown t o  be about  5 pe rcen t  a t  t h e  r o o t  and about 9 percent  a t  
t h e  mid-semispan s t a t i o n .  
These r e s u l t s  w e r e  ob ta ined  us ing  Woodward aerodynamics f o r  a M = 1.2,  
Although only e f f e c t s  on bending moment were examined, t h e  a d d i t i o n a l  
chordwise loads  accompanying t h e  c o n t r o l  s u r f a c e  d e f l e c t i o n s  may be s i g n i f i c a n t .  
Also s i g n i f i c a n t  may be  t h e  d i f f e r e n c e s  between t h e o r e t i c a l  and a c t u a l  loads  a t  
l i m i t  load  l e v e l s  due t o  nonl inear  aerodynamic phenomenon such as flow separa-  
t i o n  on c o n t r o l  s u r f a c e s  and p res su re  l i m i t i n g .  
Gust Load A l l e v i a t i o n  
Gust load a l l e v i a t i o n  (GLA) w a s  considered i n  Sources 3b and 4a. GLA is 
def ined  h e r e i n  as the  r educ t ion  of t h e  rigid-body-mode g u s t  load responses .  
The load increments from v i b r a t i o n  of s t r u c t u r a l  modes are n o t  accounted fo r .  
It is assumed t h a t  t hese  would be  c o n t r o l l e d  by a mode suppress ion  system which 
is  mentioned under t h e  s u b j e c t  of r i d e  q u a l i t y  c o n t r o l .  The r e s u l t s  f o r  a r i g i d  
a i r p l a n e  i n  terms of s t r u c t u r a l  weight r educ t ion ,  assuming no c o n s t r a i n t s  from 
o the r  s t r u c t u r a l  requiremenrs ,  v a r i e d  from ze ro  t o  about 225 kilograms (500 l b )  
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As i n  the case of maneuver load a l lev ia t ion ,  these cons t ra in ts  may reduce the  
higher value c i ted .  
methods. I f  GLA is  needed t o  r e a l i z e  the benefi ts  of MLA then the  somewhat 
greater  benef i t  of MLA may be a t t r i bu ted  t o  GLA as w e l l .  
The magnitude of benefi ts  can vary depending on bookkeeping 
The reason for  the  small benefi ts  of GLA to  the arrow-wing configuration 
is that  the airpalne is  somewhat less sens i t i ve  t o  gusts  than subsonic jets., 
The gust load fac tor  fo r  the arrow-wing airplane w a s  estimated i n  Source 4a l to  
be about 2.0g i n  contrast  t o  the 2.5g maneuver l i m i t  load factor .  
glance, t h i s  seemed surpr i s ing  i n  view of t he  low wing loading (lowest value is  
approximately 1900 newtons/meter2 (40 lb / sq  f t )  . However, t h e  low wing loading 
is compensated fo r  by the  cha rac t e r i s t i ca l ly  low value of l i f t  curve s lope f o r  
highly swept, low-aspect-ratio wings. 
A t  f i r s t  
For reasons given i n  the  discussion of MLA, the  avai lable  control surfaces 
fo r  GLA are the  two inboard surfaces.  It i s  of i n t e r e s t  t o  note  t h a t  the sense 
of the def lect ion of these inboard surfaces f o r  GLA is opposite t o  tha t  f o r  MLA. 
For example, f o r  t he  a l l ev ia t ion  of a pos i t ive  maneuver load the  t r a i l i n g  edges 
of the controls should def lec t  downward, whereas f o r  the a l l ev ia t ion  of a 
pos i t ive  gust load the  t r a i l i n g  edges should de f l ec t  upward. For outboard 
control surfaces,  w e r e  they e f f ec t ive ,  the  sense of the def lect ion f o r  MLA 
and GLA would be the  same. 
Ride Quality 
The unpleasant accelerat ions during f l i g h t  i n  turbulence can be regarded 
as a r i s ing  from two sources; (1) the  response of the airplane rigid-body modes 
and (2) the vibratory response of the  elastic modes. These are i l l u s t r a t e d  
schematically i n  f igure  9.  The t o t a l  v e r t i c a l  acclerat ion response is  shown 
by the sketch a t  the top and consis ts  of the sum of high frequency s t r u c t u r a l  
osc i l la t ions  and lower frequency rigid-body-mode responses. The use of mode 
suppression by means of small canards o r  other  auxi l ia ry  control surfaces t o  
reduce t h e  s t r u c t u r a l  vibrat ion may be necessary as suggested by the f l i g h t  
experience with the XB-70 a i rp lane  and by Source 3b. 
need is  marginal.) 
mode acceleration as indicated by the  middle sketches i n  f igure  9. 
body-mode accelerations can be control led by gust accelerat ion a l lev ia t ion .  
However, f o r  the  SST these lower frequency responses are not l i k e l y  t o  be 
objectionable on the  bas i s  of gust s e n s i t i v i t y  estimates i n  Sources 3b and 4a. 
(Source 3b ind ica tes  tha t  
Effect ive mode suppression would then leave the  rigid-body- 
The r igid-  
- 0  
The gust s ens i t i v i ty ,  A = he - 0.01 ( r a t i o  of root-mean-square values of 
vwg 
acceleration and gust velocity) f o r  the  rigid-body modes i s  w e l l  below values 
fo r  subsonic j e t  t ransports .  It is  j u s t  as w e l l ,  f o r  t h e  effectiveness of the  
avai lable  control  surfaces t o  alter the  wing l i f t  f o r  t h e  reduction of low 
frequency gust accelerations,  indicated by the  bottom sketch i n  f igu re  9,  is 
low. 
In  general, e f f ec t ive  use of maneuver and gust load a l l ev ia t ion  (of loads 
from rigid-body-mode responses) w i l l  tend t o  increase the sever i ty  of s t ruc tu ra l  
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v ib ra t ions  over t h a t  of t h e  una l lev ia ted  wing and, therefore ,  increase  the  need 
f o r  mode suppression. 
of f l u t t e r  suppression and v i c e  versa. It  could be advantageous t o  combine t h e  
two concepts. 
Inc identa l ly ,  t h e  mode suppression may provide a degree 
Other 
Although they are not found i n  most l ists  of a c t i v e  con t ro l  systems, t he re  
are two o the r  concepts t h a t  may b e n e f i t  an SST. 
One is the  concept of automatically con t ro l l i ng  t h e  a i rp l ane  lateral  
t r a n s i e n t  accompanying an engine u n s t a r t  a t  supersonic speeds. 
following an u n s t a r t  t he  a i rp l ane  could be d is turbed  s o  r ap id ly  t h a t  t he  p i l o t  
could not apply co r rec t ive  ac t ion  before t h e  veh ic l e  exceeded design loads o r  
a con t ro l l ab le  angle of a t t a c k  o r  s i d e l s i p .  The second concept is  an ac t ive ly  
cont ro l led  landing s t r u t  t o  reduce t h e  loads and unpleasant motions of the  
elongated SST during taxi runs. Research on t h i s  concept i s  being conducted 
a t  the  Langley Research Center. 
Conceivably, 
CONCLUDING REMARKS 
The information surveyed ind ica t e s  t h a t  some s i g n i f i c a n t  b e n e f i t s  t o  SST 
designs may be obtained through a c t i v e  cont ro ls .  There i s  considerable agree- 
ment t h a t  a l a r g e  t r anspor t  w i l l  r equ i r e  a c t i v e  s t a b i l i z a t i o n  of an inherent ly  
s t a t i c a l l y  uns tab le  condition a t  subsonic speeds. The b e n e f i t  of t h e  relaxed 
s ta t ic  s t a b i l i t y  may be increased by use of center-of-gravity con t ro l  and 
angle-of-attack l imi t ing .  Benefits  from maneuver and gus t  load a l l e v i a t i o n  may 
be s m a l l  f o r  t h e  arrow-wing concept. I n  any case, load a l l e v i a t i o n  most l i k e l y  
w i l l  r equi re  t h a t  f l u t t e r  suppression be used as w e l l .  F l u t t e r  suppression i n  
i t s e l f  may provide some saving i n  s t r u c t u r a l  weight. Ride qua l i t y  con t ro l  by a 
mode suppression system may be needed f o r  passenger acceptance. 
ac t ive  lateral con t ro l  should be considered f o r  l i m i t i n g  t h e  magnitude of t h e  
t r ans i en t  motion due t o  an engine u n s t a r t .  
For s a f e t y ,  
REFERENCES 
1. Tomlinson, L. R.: Control System Design Considerations f o r  a Longitudinally 
Unstable Supersonic Transport. AIAA Journa l  of A i r c r a f t ,  Vol. 10, No. 10, 


























































































5 W o 0 a a 9 0’ d 0 I- az: - az: I- z 0 o %! a E - I- o I- 3 0 I 3 w o 7 w d 3 M z 3 I- 
659 
